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ABSTRACT 

We have re-studied line-strength gradients of 80 elliptical galaxies. Typical metallicity gradients of 
elliptical galaxies are A[Fe/H]/Alogr ~ —0.3 which is flatter than the gradients predicted by monolithic 
collapse simulations. The metallicity gradients do not correlate with any physical properties of galaxies, 
including central and mean metallicities, central velocity dispersions ctq, absolute B-magnitudes Mb, 
absolute effective radii R c , and dynamical masses of galaxies. By using the metallicity gradients, we 
have calculated mean stellar metallicities for individual ellipticals. Typical mean stellar metallicities are 
([Fe/H]) ~ —0.3, and range from ([Fe/H]) ~ —0.8 to +0.3, which is contrary to what Gonzalez & Gorgas 
(1996) claimed; the mean metallicities of ellipticals are not universal. The mean metallicities correlate 
well with (To and dynamical masses, though relations for Mb and R c include significant scatters. We find 
fundamental planes defined by surface brightnesses SB C , ([Fe/H]), and R e (or Mb), and the scatters of 
which are much smaller than those of the ([Fe/H]) - R e (or Mb) relations. The ([Fe/H]) - logoo relation 
is nearly in parallel to the [Fe/H]o - logco relation but systematically lower by 0.3 dex; thus the mean 
metallicities are about a half of the central values. The metallicity-mass relation, or equivalently, the 
color-magnitude relation of ellipticals holds not only for the central part but also for the whole part of 
galaxies. Assuming that Mg2 and Fei give [Mg/H] and [Fe/H], respectively, we find ([Mg/Fe]) ~ +0.2 in 
most of elliptical galaxies. ([Mg/Fe]) shows no correlation with galaxy mass tracers such as ctq, in contrast 
to what was claimed for the central [Mg/Fe]. This can be most naturally explained if the star formation 
had stopped in elliptical galaxies before the bulk of Type la supernovae began to explode. Elliptical 
galaxies can have significantly different metallicity gradients and ([Fc/H]) even if they have the same 
galaxy mass. This may result from galaxy mergers, but no evidence is found from presently available 
data to support the same origin for metallicity gradients, the scatters around metallicity-mass relation, 
and dynamical disturbances. This may suggest that the scatters have their origin at the formation epoch 
of galaxies. 
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How elliptical galaxies formed is one of key questions 
of modern astronomy. Two competing scenarios have so 
far been proposed: Elliptical galaxies should form mono- 
lithically by gravitational collapse of gas cloud with con- 
siderable energy dissipation (e.g., Larson 1974b; Arimoto 
& Yoshii 1987), or alternatively ellipticals should form 
via mergers of relatively small galaxies (e.g., Toomre & 
Toomre 1972; Kauffmann & White 1993; Cole et al. 1994). 
Elliptical galaxies show apparently little evidence for on- 
going star formation, the bulk of their stars are old (e.g., 
Kodama & Arimoto 1997; Stanford, Eisenhardt, & Dick- 
inson 1997; Kodama et al. 1998a), and yet some of ellip- 
ticals show strong signs of recent dynamical disturbances 
(Schweizer et al. 1990; Schweizer & Seitzer 1992). Obser- 
vational evidences are confusing and controversial. 

The merger hypothesis assumes that gaseous disk-like 
galaxies formed first by assembling subgalactic clumps, 
then two grown-up disk galaxies of similar mass collided 
into a single giant elliptical galaxy (e.g., Kauffmann & 
White 1993; Kauffman & Chariot 1998). Alternatively, an 



elliptical galaxy could form if many small galaxies accreted 
onto a massive disk galaxy (e.g., Cole et al. 1994; Baugh 
et al. 1998). Observationally, the dynamical disturbances 
such as shells/ripples, transient dust lanes, and multiple 
and/or counter-rotating cores (e.g., Kormendy & Djorgov- 
ski 1989) all seem to support the scenario that elliptical 
galaxies formed via hierarchical clustering of smaller galax- 
ies (Schweizer & Seitzer 1992), which is a picture predicted 
by cold dark matter (CDM) cosmology. The merger hy- 
pothesis may easily explain morphology-density relation of 
galaxies in clusters (Dressier 1980; Dressier et al. 1997), a 
significant number of interacting galaxies at high redshifts 
(Driver, Windhorst, & Griffiths 1995), Butcher-Oemler ef- 
fects (Butcher & Oemler 1978; 1984), and E+A galaxies 
(Dressier & Gunn 1983; 1992). However, collisions and 
mergers of galaxies should be less frequent at the clus- 
ter center because of large velocity dispersions of galaxies 
there (Ostriker 1980). A recent HST observation reveals 
conspicuous spiral arms dominated by A-type stars in the 
E+A galaxies (Franx et al. 1996), which suggests that 
the Butcher-Oemler galaxies are not ellipticals, but spiral 
galaxies falling onto a cluster potential for the first time 
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and are witnessed at an instance of being transformed into 
SO galaxies. Elliptical galaxies are surrounded by a huge 
number of globular clusters (GCs). The number of glob- 
ular clusters per galaxy luminosity (specific frequency) is 
almost twice of that in spiral galaxies (Harris 1991). If 
ellipticals formed via mergers of spiral galaxies, at least 
similar amount of GCs should be born during the merger 
events (van den Bergh 1982; 1990). True, young GCs are 
discovered in merging galaxies (Whitmore & Schweizer 
1995), but these GCs are far less numerous than those 
required for explaining high specific frequencies of ellipti- 
cals. On the other hand, GCs in elliptical galaxies have 
bimodal [Fe/H] distributions (Forbes, Brodie, & Grillmair 
1997), which has been considered to support the merging 
hypothesis. 

The dissipative collapse hypothesis assumes that a bulk 
of stars in ellipticals formed during an initial burst of 
star formation, which was induced by the collisions of 
fragmented clouds in proto-galaxies, and terminated by a 
supernovae-driven galactic wind that expelled the left-over 
interstellar gas from galaxies (e.g., Larson 1974b; Arimoto 
& Yoshii 1987). The galactic wind is supposed to play 
an essential role in enriching heavy elements in hot intr- 
acluster gas (Ciotti et al. 1991). Elliptical galaxies after 
the wind should evolve passively (Kodama et al. 1998a). 
The shells and ripples would appear when ellipticals cap- 
tured nearby dwarf galaxies. These dynamical distur- 
bances would be detectable for a couple of Gyrs, but the 
capture itself would not introduce any significant change in 
the stellar constituents of galaxies, since the mass involved 
in the secondary formation of stars is at most 10% as the 
study of H/3 absorption and broad band colors of elliptical 
galaxies shows (Kodama & Arimoto 1998). The galactic 
wind predicts tight correlations among global properties 
of galaxies including a color-magnitude relation (Bower, 
Lucey, & Ellis 1992) and a fundamental plane (Djorgovski 
& Davies 1987; Dressier et al. 1987). Recent observa- 
tions of clusters at high redshifts confirm that these re- 
lationships arc holding even at z <~ 1 (Dickinson 1996; 
Schade, Barrientos & Lopez-Cruz 1997; Kelson et al. 1997; 
Stanford et al. 1998). A progressive change of the color- 
magnitude relation as a function of look-back time clearly 
indicates that a bulk of stars in ellipticals formed at the 
redshift z { > 2.5 - 4 (Kodama et al. 1998a). 

In this paper, we study gradients of absorption line 
strengths of elliptical galaxies. In the last two decades, 
the line strength gradients of ellipticals were exten- 
sively studied by Faber (1977; F77), Efstathiou & Gor- 
gas (1985; EG), Couture & Hardy (1988; CH), Peletier 
(1989, PEL), Gorgas, Efstathiou, & Aragon-Salamanca 
(1990; GEA), Boroson & Thompson (1991; BT), Davidge 
(1991a; D91a), Davidge (1991b; D91b), Bender & Surma 
(1992; BS), Davidge (1992, D92), Carollo, Danziger, & 
Buson (1993; CDB), Davies, Sadler, & Peletier (1993; 
DSP), Gonzalez (1993; GON), Hes & Peletier (1993; 
HP), Saglia et al. (1993; SAG), Carollo & Danziger 
(1994a; CDa), Carollo & Danziger (1994b; CDb), Sansom, 
Peace, & Dodd (1994; SPD), Cardiel, Gorgas, & Aragon- 
Salamanca (1995; CGA), and Fisher, Franx, & Illingworth 
(1995b; FFI). Major lines so far studied are Mg 2 , Mg b , 
Fei (52702), Fe 2 (5335l), H/3, and Hy lines. The first four 
metallic lines are degenerate in age and metallicity, while 



the two hydrogen lines are sensitive to stellar age (Burstcin 
et al. 1984; Faber et al. 1985; Gonzalez 1993; Worthey 
1994). Recently, Vazdekis & Arimoto (1999) have bro- 
ken up the age- metallicity degeneracy of H7 by including 
neighboring metallic lines in such a way that a resulting H7 
depends only on age. The approach is thus very promising, 
but no attempt has yet been conducted for estimating ages 
of giant ellipticals. We therefore should keep it in our mind 
that some of giant elliptical galaxies in the field might be 
significantly younger than cluster ellipticals (Franceschini 
et al. 1998; Kodama, Bower, & Bell 1998b) and that the 
radial gradients of metallic lines may be caused by not 
only a radial variation of stellar metallicity but also an 
equivalent variation of mean stellar age. This paper dis- 
cusses the gradients of the four metallic lines and H/3, but 
mainly Mg 2 and Mgb gradients, because Fei and Fe 2 are 
easily influenced by a possible gradient of stellar velocity 
dispersion whose spatial distribution in a galaxy is still 
difficult to measure precisely. 

Previous studies showed that (Mg 2 )o correlate with the 
velocity dispersion cfq at the galaxy center (Davies et al. 
1987; Burstein et al. 1988; Bender, Burstein, & Faber 
1993). A similar relation holds for (Mg 2 )o and total abso- 
lute magnitudes Mb (Faber 1973; Burstein 1979; Terlevich 
et al. 1981; Dressier 1984). If, admittedly a big if, one can 
assume that elliptical galaxies are old, one can convert 
Mg 2 into the metallicity Z either empirically (Burstein 
et al. 1984; Faber et al. 1985) or theoretically with a 
help of population synthesis models (Mould 1978; Peletier 
1989; Buzzoni, Gariboldi, & Mantegazza 1992; Barbuy 
1994; Worthey 1994; Casuso et al. 1996; Bressan, Chiosi, 
& Tantalo 1996; Kodama & Arimoto 1997). For exam- 
ple, if Worthey's (1994) calibration is adopted, one finds 
that a typical metallicity gradient of elliptical galaxies is 
A log Z/ A log r ~ —0.3. The radial gradient of metallic 
line strength can be naturally explained by the dissipa- 
tive collapse picture. However, the measured gradients are 
less steep than those predicted by numerical simulations 
of collapse model: For example, Larson's hydrodynamical 
simulations gave A log Zj A log r <~ —0.35 (Larson 1974a), 
and —1.0 (Larson 1975); Carlberg's N-body simulations 
gave AlogZ/Alogr 0.5 (Carlberg 1984). This dis- 
crepancy could be interpreted if mergers make an original 
gradient flattened; indeed numerical simulations showed 
that the gradient in a disk galaxy should be halved af- 
ter three successive mergers of galaxies with similar size 
(White 1980). However, both simulations of the dissipa- 
tive collapse and successive mergers leave room for the 
improvements, because some essential physical processes 
such as star formation, thermal feedback from supernovae, 
and metal enrichment were not taken into account. 

Elliptical galaxies with larger values of (Mg 2 ) tend to 
show steeper Mg 2 gradients (Gorgas et al. 1990; Carollo et 
al. 1993; Gonzalez & Gorgas 1996). Since a brighter ellip- 
tical usually has a larger (Mg 2 ) (Davies & Sadler 1987), 
Gorgas & Gonzalez (1996) suggested that a larger (Mg 2 )o 
is cancelled by a steeper gradient and that elliptical galax- 
ies should have very similar mean stellar metallicities, re- 
gardless of their luminosities and masses. If this is true, 
the color- magnitude relation is nothing but a local relation 
that holds only for the central part of a galaxy and may 
not reflect the formation process of ellipticals. One should 
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use global metallicities instead of local ones in studying 
the origin of ellipticals. Therefore, it is particularly im- 
portant to estimate accurately mean stellar metallicities 
of ellipticals and study relations with other global features 
of galaxies. 

No tight correlations between the Mg2 gradient and 
other properties of galaxies are yet confirmed. The Mg2 
gradient and the central velocity dispersion oo may corre- 
late (Davidge 1992) but with a significant scatter (Gorgas 
et al. 1990), and cD galaxies deviate from that relation 
considerably (Carollo et al. 1993). However, Davies et al. 
(1993) did not find any significant correlation between the 
Mg 2 gradient and cr . Nevertheless, the local colors and 
the line-strengths correlate tightly (Davies et al. 1993; 
Carollo & Danziger 1994a) and both show strong correla- 
tion to the local escape velocity (Franx & Illingworth 1990; 
Davies et al. 1993; Carollo & Danziger 1994a). Elliptical 
galaxies which deviate considerably from the ridge line of 
Mg2 - absolute magnitude relation tend to have larger val- 
ues of E, a degree of dynamical disturbances (Schweizer et 
al. 1990), but the Mg 2 gradient is not correlated to E, nor 
the isophotal shape a^/a (Davidge 1992). 

If elliptical galaxies formed monolithically from a mas- 
sive gas cloud, the Mg2 gradient should correlate with 
global properties of galaxies. Carlberg (1984) showed that 
more massive galaxies have steeper metallicity gradients. 
Apparent lack of such correlations may suggest that the 
Mg2 gradient was built up via a series of successive merg- 
ers of gas-rich galaxies. The situation surrounding Mg2 
gradient studies is complicated and confusing. This we 
believe is due to a lack of suitable sample of the Mg 2 gra- 
dient. A total exposure time required to measure the Mg 2 
gradient is much longer than that for broad band color 
gradients. Therefore, a single group of authors can ob- 
serve only a limited number of galaxies. What is worse, a 
quality of data is not uniform. We have studied 187 line 
strength gradients of 133 early-type galaxies. After care- 
fully examining the quality of data, we have chosen data 
for 80 elliptical galaxies. Section 2 describes how the data 
are selected and analyzed. Section 3 gives a definition of 
the mean stellar metallicities of ellipticals. Section 4 gives 
our main results, and our discussions and conclusions are 
given in section 5 and section 6, respectively. 



2. LINE STRENGTH GRADIENTS 

2.1. Line Strength Gradients 

We have studied 187 gradients of Mg 2 , Mgb, Fei 
(52701), Fe 2 (53351), and H/3 for 133 early-type galaxies. 
Data are taken from 20 data sources; F77, EG, CH, PEL, 
GEA, BT, D91a, D91b, BS, D92, CDB, DSP, GON, HP, 
SAG, CDa, CDb, SPD, CGA, and FFI. To demonstrate a 
global view of line-strength gradients, we summarize Mg 2 
and Mgb gradients of these galaxies in Appendix A. Unfor- 
tunately, accurate and precise line-strength gradient data 
are difficult to obtain, requiring long integrations on bright 
objects with large telescopes to obtain high-enough S/N 
ratio (e.g., DSP; GON); thus qualities of these data are 
not uniform, and we are obliged to abandon many of them 
due to poor qualities as described below (we are indebted 
to the anonymous referee for reminding us different quali- 
ties of the gradient data, and are helped considerably with 



the referee's comments in making the following brief de- 
scriptions for the data sources, but we are entirely respon- 
sible for any critical remarks we made): F77 - poor data 
quality, no crrorbars in figures, but quite large, the sky 
subtraction is poor, and perhaps no velocity dispersion 
correction [trustworthiness = (index strengths, gradients) 
= (fair, poor)]; CH - data quality is poor outside nu- 
cleus, the gradients are uncertain, and the sky subtraction 
is poor [trustworthiness = (poor, poor)]; PEL - the cal- 
ibration is suspicious, and the errorbars may be underes- 
timated [trustworthiness = (good, good)]; GEA, EG - 
data quality is poor outside nucleus, errors are large, the 
sky subtraction is poor, and the velocity dispersion correc- 
tion may not be done [trustworthiness = (fair, poor)]; BT 
- the quality of spectra is poor outside nucleus, the sky 
subtraction is poor, the errorbars are not given, but the 
velocity dispersion correction is reasonable [trustworthi- 
ness = (fair, good)]; D91a, D91b, D92 - the calibrations 
are suspicious, data quality is reasonable for two of three 
galaxies, sky subtraction is poor, but it is not clear if ve- 
locity dispersion correction is done or not [trustworthiness 
= (poor, fair?)]; BS - the calibration is good, but the sky 
subtraction is suspicious, velocity dispersion corrections? 
[trustworthiness = (fair, fair)]; CDB - except for Mg2, 
the calibration is uncertain, significant contamination of 
emissions in galaxy spectra [trustworthiness = (good, ex- 
cellent)]; DSP - the calibration is done carefully, the sky 
subtraction is suspicious but better than most [trustwor- 
thiness = (excellent, excellent)]; GON the calibration 
is excellent except for Mgi and Mg 2 which are affected 
by chromatic focus variations, for H/3 the velocity disper- 
sion correction is suspicious [trustworthiness = (excellent, 
excellent)]; HP - the calibration is suspicious [trustworthi- 
ness = (good, good)]; SAG - zero-points of indices are off, 
and the velocity dispersion correction is suspicious [trust- 
worthiness = (poor, good)]; CDa, CDb - the calibrations 
are uncertain for Fei and Fe2, and the sky subtraction is 
suspicious [trustworthiness = (good, excellent)]; SPD 
uncalibrated, the sky subtraction is poor, and the velocity 
dispersion correction is probably wrong [trustworthiness 
= (poor, poor)]; CGA - the calibration is off by 0.014 
mag, and the velocity dispersion correction is not done 
[trustworthiness = (poor, poor)]; FFI - the calibration 
is uncertain, the sky subtraction and velocity dispersion 
correction are good, but the emission contamination is ob- 
served with [OIII] [trustworthiness = (good, excellent)]. 

Among these 20 data sources, we have adopted 5 ref- 
erences (BS, CDB, DSP, CDa, and CDb) that provide 
excellent Mg2 gradient data for 46 ellipticals and 2 refer- 
ences (GON and FFI) that give high quality Mgb gradient 
data for additional 34 elliptical galaxies. These authors 
almost universally used CCDs as detectors instead of pho- 
ton counters, due to unreliability of the wavelength and 
flux calibrations of photon counters (e.g., Peletier 1989; 
Trager et al. 1998). 

We apply a linear regression analysis for the line- 
strength gradients by taking account of observational er- 
rors: 

/\Tti c\ hy t T 

Index(r) = (Index) c + — log — = A-B log — , (1) 

A log r r c r c 

where r is a projected radius and a suffix e indicates values 
defined at an effective radius r e . When the line-strength 
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gradients were measured at different position angles, we 
use the effective radius r* corrected for an eccentricity, 
as was done by DSP. Effective radii and eccentricities are 
taken from the original references, if available, and are sup- 
plementally taken from Davies et al. (1983), Djorgovski & 
Davis (1987), and Davies ct al. (1987). 

In general, linear regression lines give good approxima- 
tions, but observed index values are systematically smaller 
at the inner most central parts and the outer regions be- 
yond r c . At galaxy centers with log r/r c < — 1.5, the 
gradients are smeared out due to poor seeing conditions, 
and in the outer regions errors arising from the sky sub- 
traction give poor fits. Therefore, we exclude these regions 
from our fitting. BS, DSP, CDB, CDa, and CDb all used 
the Lick indices (Burstein et al. 1984; Faber et al. 1985), 
while FFI and GON used Gonzalez's (1993) indices. How- 
ever, differences are too small to affect the present anal- 
ysis. CDB, DSP, CDa, CDb, and FFI converted spectral 
resolution of their measurements to Lick scales, but differ- 
ences are negligible for Mg 2 and Mgb which are our main 
concern. 

Table 1 gives resulting fitting parameters of the line- 
strength gradients for 80 elliptical galaxies. Columns (1)- 
(7) gives a name of galaxy, reference, an index name, an 
intercept at r c and error, a gradient and error, respec- 
tively. Mg b is most suitable for a study of line-strength 
gradient, but the number of galaxies is not large enough 
to derive the statistics. The number of galaxies with the 
Mg 2 gradient data is largest in our sample. Fei shows sim- 
ilar gradients to Mg 2 , but Fe 2 shows a larger scatter, since 
it is very vulnerable to spectral resolutions and gradient 
of velocity dispersions. Therefore, we use Fei instead of 
(Fe) = (Fei + Fe2)/2, which was used in previous studies. 
H/3 is an age-sensitive index (Worthey 1994) and shows 
flat or positive gradients (DSP, GON, and FFI). A nega- 
tive effect of H/3 emission may explain this (DSP), but this 
may be due to a decreasing stellar age towards a center of 
galaxy instead (GON, FFI). If the H/3 gradients reflect an 
age gradient within a galaxy, our old-age assumption for el- 
lipticals is not correct anymore. The metallic line-strength 
gradients (Mg2, Mgb, Fei and Fe 2 ) are all degenerate in 
age and metallicity, and a simple use of stellar population 
synthesis model in converting the line-strength gradients 
to the metallicity gradients would not be justified. We 
have solved the age-metallicity degeneracy by analyzing 
the absorption line gradients together with the H/3 gradi- 
ents (section 2). 

2.2. Metallicity Gradients 

Since it is not certain whether all elliptical galaxies are 
equally old, we convert the line-strength gradients to the 
metallicity gradients in two alternative ways: (A) we as- 
sume that all ellipticals are 17 Gyr old and convert the 
indices to the metallicity, or (B) we assume that ellipticals 
are of different ages and the line-strength gradients reflect 
both the metallicity and age gradients. We have solved the 
age-metallicity degeneracy of the gradients by studying the 
Mg2 and H/3 gradients simultaneously, but the number of 
galaxies to which H/3 data are available is small, and H/3 
may be affected by the emission contamination. Therefore, 
we first calculate mean stellar metallicities of individual el- 
lipticals under the assumption (A) and derive correlations 



between the mean stellar metallicity and other physical 
properties of galaxies. We then examine whether scatters 
of these correlations become smaller if we take into account 
a possible age effect under the assumption (B). 

2.2.1. Index- Metallicity Relations 

Under the assumption (A), the index-metallicity rela- 
tions can be derived from spectral synthesis models. Com- 
paring the relations given by seven different population 
synthesis models (Mould 1978; Peletier 1989; Buzzoni et 
al. 1992; Barbuy 1994; Worthey 1994; Casuso et al. 1996; 
Brcssan et al. 1996), we find that, except Mould (1978) 
and Barbuy (1994), these models give very similar re- 
lations unless the metallicity is too low ([Fe/H] > — 1). 
These relations arc approximately given by the following 
form: 

[Fc/H] = p (Index) - q. (2) 

Hereafter, we shall use the index-metallicity relations de- 
rived from Worthey's (1994) SSP models for 17 Gyr old 
galaxies: 

[Fe/H] = 5.85 Mg 2 - 1.65, 
[Fe/H] = 0.45 Mg b - 1.87, 
[Fe/H] = 0.67 Fei - 2.16, 
[Fe/H] = 0.59 Fe 2 - 1.77. 

Quite often Mg 2 gives the [Fe/H] value ~ 0.2 dex higher 
than that derived from Fei. It may be due to our use of 
Worthey's model which assumes [a/Fe] = for a elements 
such as oxygen, magnesium, silicon etc. We will discuss 
this in section 4.5. If we use Worthey's SSP models of 
12 Gyr, we obtain systematically higher metallicities, but 
none of our main conclusions need to be modified. 

If the metallic line-strength gradients are indeed reflect- 
ing the metallicity gradients, the observational data sug- 
gest that the gradients can be approximated in the follow- 
ing form: 

[Fe/H] = log clog-, (3) 

where Zq = 0.02 is the solar metallicity and Z c gives the 
stellar metallicity derived at r = r c . A coefficient c gives 
the slope of metallicity gradient. On the other hand, from 
equations (1) and (2) we get the following equation: 

[Fe/H] = (Ap — q) — Bp log — , (4) 

fe 

which gives the parameters Z e and c in equation (3) for 
individual galaxies. 

Figure 1 shows histograms of the line-strength gradi- 
ents of the four indices, — AMg 2 /Alogr, — AMg b /Alogr, 
— AFei/Alogr, and — AFe 2 /Alogr. Note that there is 
no sign of bimodality in the frequency distributions of 
the Mg 2 , Mgb, Fei, and Fe 2 gradients. This implies 
that, whatever the origin is, the gradients were formed 
by a single physical process. The average values are 
A[Fe/H]/A logr = -0.30 ± 0.12 (Mg 2 ), -0.34 ± 0.16 
(Mgb), -0.28 ±0.16 (Fei), and -0.25 ± 0.13 (Fc 2 ). All 
indices suggest that the metallicity gradients are in the 
range of -0.6 < A [Fe/H] /A logr < -0.1. A typical metal- 
licity gradient is about A[Fe/H]/Alogr ~ —0.3, which 
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is slightly steeper than the original estimate, because we 
have excluded the central regions where the gradients are 
significantly altered by poor seeings. The gradients thus 
derived are considerably flatter than a theoretical value 
-0.5 predicted by Carlberg (1984). 

Figure 2 shows a frequency distribution of Mg2 at the 
galaxy center, (Mg 2 )o, for 572 elliptical galaxies (dashed 
line) given by Davies et al. (1987), and 80 ellipticals (solid 
line) studied in this article. We note that there is no 
systematic difference between the two samples, thus we 
believe that we are dealing with a fairly good sample of 
elliptical galaxies in the local universe. Figure 3 gives fre- 
quency distributions of the four indices measured at the 
effective radius (i.e., the intercept at r = r e ). As we will see 
later (section 3), the metallicitics evaluated at r = r c give 
good measures for the mean stellar metallicities. The aver- 
age values are ([Fe/H]) = -0.18±0.19 (Mg 2 ), -0.15±0.24 
(Mg b ), -0.37 ±0.17 (Fci), and -0.36 ±0.18 (Fe 2 ). Con- 
trary to what Gonzalez & Gorgas (1996) claimed, the 
mean metallicities of ellipticals are not universal, but range 
from ([Fe/H]) ~ -0.8 to +0.3. A typical mean stel- 
lar metallicity of elliptical galaxies is about a half solar, 
([Fe/H]) ~ —0.3, which is considerably smaller than the 
stellar metallicity [Fe/H]o — +0.2 measured at the galaxy 
center. From a similar study of the Mg 2 gradients but with 
much smaller sample of ellipticals, Arimoto et al. (1997) 
found that the mean metallicity of typical elliptical galax- 
ies with cr > 250 km s" 1 is ([Fe/H]) ~ -0.06+0.13. Our 
sample includes 19 ellipticals with ao > 250 km s _1 , to 
which we obtain ([Fe/H]) ~ -0.04 + 0.11. Thus, a claim 
made by Arimoto et al. (1997) remains unexplained; i.e., 
the iron abundance of the interstellar mediums of lumi- 
nous elliptical galaxies, as derived from ASCA X-ray ob- 
servations of the iron L complex, is at variance with the 
abundance expected from the stellar populations as de- 
rived from current population synthesis methods of optical 
spectrum. 

2.2.2. Indices-Metallicity-Age Matrices 

Under the assumption (B), we find that the relations 
among two indices (one is H/3 and the other is either Mg 2 
or Mgb), age, and metallicity can be approximated with 
the following matrix forms: 



/ Index i \ / 
^ Index2 J ~ \ 

( [Fe/H] ) = ( 



si s 2 

S3 S4 

Pi P2 

P3 P4 



)( 



«9 

[Fe/H] 

Indexi — qi 
Index 2 - <72 



Si 
11 



(5) 
(6) 



where tg is an age in units of Gyr. If we adopt Worthey's 
(1994) models, we obtain : 



( Mg 2 ) " ( 
( [Fe/H] ) = ( 



-0.0425 -0.607 
0.00414 0.182 



to \ ( 2.12 \ 

[Fe/H] ) + \ 0.211 ) 



-34.9 - 
0.792 8 



116. \ / H/3 - 2.12 
12 ) { 



Mg 2 - 0.211 



H/3 



-0.0425 -0.607 
0.0583 2.28 



( [Fe/H] ) + ( 3^8 ) 



f tg \ _ ( -37.1 -9.89 \ / 

\ [Fe/H] ) ~ \ 0.950 0.692 ) \ 



H/3 - 2.12 
Mg b - 3.18 



)• 



which are valid for 8 < tg < 17 and -0.5 < [Fe/H] < 0.5 
(see figure 4). With these equations, we can easily derive 
both metallicity gradient and age gradient simultaneously 



from the two line-strengths gradients. From equations (1) 
and (6), we obtain the following formal relations that give 
the age and metallicity gradients for individual galaxies: 

t 9 = p 1 (A 1 -q 1 )+p 2 (A 2 -q 2 )-(p 1 B 1 +p 2 B 2 ) log—, (7) 

[Fe/H}=p 3 (A 1 -q 1 )+p 4 (A 2 -q 2 )-( P3 B 1 +p 4 B 2 ) log—, 

(8) 

where A\ , B\ are for Indexi and A 2 , B 2 are for Indcx 2 . 

In applying these relations to individual elliptical, how- 
ever, we find that resulting ages for several galaxies are not 
realistic (much larger than 17 Gyr old). This may proba- 
bly due to a poor quality of H/3 gradient data. We there- 
fore further assume that the age gradients arc small and 
could be ignored. We only take into account a possibility 
that a whole stellar population of galaxy is systematically 
young, that is, we estimate a typical age of galaxy with 
an intercept of H/3 at the effective radius. Assuming no 
age gradients (i.e., s 2 <~ 0, B\ <~ 0), we have derived the 
metallicity gradients by using the following equations for 
Mg 2 and Mg b : 



tg = (Ax - q\)/s\, 



(9) 



[Fe/H] = (A 2 -q 2 - s 3 tg)/s 4 - B 2 /s 4 log -. (10) 



3. MEAN STELLAR METALLICITY 

It is well known that surface brightness profiles of 
elliptical galaxies are not fitted well with so-called de 
Vaucoulcurs' law (Caon, Capacciolo, & D'Onofrio 1993; 
Binggcli & Jerjen 1997; Graham & Colless 1997). We, 
therefore, use Sersic law, which is a generalized de Vau- 
couleurs' law, by replacing a power index 1/4 with 1/n. 
The parameter n correlates with a luminosity of a galaxy; 
a bright elliptical has n — 4 profile while a dwarf elliptical 
has exponential n = 1 profile (Binggeli & Jerjen 1997). In 
this section, we derive the mean stellar metallicity of an 
elliptical galaxy by using the observed line-strength gradi- 
ents and the theoretical index - metallicity relations. 

We assume that an elliptical galaxy is spherically sym- 
metric and the surface brightness profile is given by Sersic 
law: 



I(r) = I e exp 




1 



2nire b b- 2n T{2n) 



(11) 



(12) 



where r is the projected radius and r e is de Vaucouleurs' 
effective radius, b is a function of n determined from the 
definition of the effective radius and b(n) is approximately 
given by the following equation: 

b(n) = -0.326463 + 1.99927 n. (13) 

The luminosity within the radius r is given by: 



L(r) = [ 2irrl(r)dr = 2mreV 
Jo 



2n r 2 c I c r[ 2n,0,6(- 



(14) 
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where T is the general Gamma function. The total lumi- 
nosity is given by: 



L(oo) = 2mre b b- 2n T(2n)r 2 c I c = L*. 



(15) 



If we assume that the projected metallicity distribution is 
given by an exponential form, as the observed Mg 2 gradi- 
ents suggest: 

' r 



Z(r) 



(16) 



the metallicity gradient is then given as: 

[Fc/H] = IogZ(r) = log |^ - clog-, 

which is the same as equation (3). The parameters c and 
Z e are determined from the parameters A and B in equa- 
tion (1) and the index-metallicity relations are given by 
equation (8), or equations (4) and (10). 

In an analogy to the surface brightness of stars, the sur- 
face brightness profile of metals can be defined as: 



I z (r) = Z(r)I(r). 



(17) 



Then the luminosity of metals within the radius r is given 
by: 



Lz(r) 



-f 

Jo 



2nrlz{r)dr = b c 



r 2n 



cn,0,fe(^ 



r 2n 



Z C L* 



The total luminosity of metals is given as follows: 
Lz(oo) = b — Y{2n) — Z e L*, 



(18) 



(19) 



where we note that the constant b cn T(2n — cn)/T{2n) is 
nearly equal to unity as is shown below. 

If we assume that a mass-to-light ratio M/L is constant 
within a galaxy, the total mass of metals contained in stars 
can be given as: 

M z (oo) = b c " r( ^~. Cn) Z c M, ~ Z C M«, (20) 
1 (zn) 

where is the total mass of stars in a galaxy. Finally 
the mean stellar metallicity can be given by: 

(Z) ee M z (oo)/M* = b cn T{2 ^ n) Z e ~ Z e . (21) 

Although equation (21) gives an excellent measure for the 
mean stellar metallicity of elliptical galaxy, we hereafter 
use an explicit definition to calculate ([Fe/H]) in such a 
way that we can take into account observed scatters of the 
metallicity gradients: 



([Fe/H]) = log 



, r(2n — en) Z e 
r(2n) Z^ 



(22) 



In table 2, we give the metallicity gradient parameters 
for 80 elliptical galaxies derived under the assumption (A) 



(hereafter, unless otherwise mentioned, all metallicitics are 
calculated under the assumption (A)). Columns (l)-(2) 
give the name of galaxy and the reference. Columns (3)- 
(4), (5)-(6), (7)-(8) and (9)-(10) give the metallicity Z c 
measured at the effective radius and the gradient c de- 
rived from Mg2, Mgb, Fei, and Fe2 gradients, respectively. 
Columns (11)-(15) give the mean metallicities derived from 
the Mg 2 , Mgb, Fei, and Fe2 gradients, respectively. 

A typical elliptical galaxy has n — 4 and c ~ 0.3 (Figure 
1), to which the constant b cn Y(2n — cn)/T(2n) in equation 
(21) becomes ~ 1.1, thus the mean metallicity of galaxy 
is very close to the metallicity measured at the effective 
radius. Arimoto et al. (1997) already showed that this is 
the case for smaller sample of galaxies if de Vaucouleurs' 
surface brightness profile is assumed. In this study, we 
have generalized it to Sersic's surface brightness profile 
and have found that so far as the slope c is smaller than 
0.4, as is the case for most ellipticals, the mean metallicity 
is approximately given by Z c , which is smaller than the 
true mean by at most ~ 0.15 dex. Z c values estimated by 
the Mg 2 -, Mgb-, Fei-, and Fe 2 -gradient are given in table 
2. 

Table 3a gives the mean metallicities for 12 ellipti- 
cals derived from the Mg2 gradients under the assump- 
tion (B). H/3 corrections are explicitly taken into account. 
Columns (l)-(2) give the name of galaxy and the refer- 
ence. Columns (3), (5), and (8) give the mean metallic- 
ities calculated from different equations as are indicated 
on the top line of the table; i.e., column (3) gives ([Fe/H]) 
without any age gradient corrections, column (5) gives 
([Fe/H]) with constant age corrections, and column (8) 
gives ([Fe/H]) with age gradient corrections, respectively. 
Column (4) gives a typical age (tg) c estimated from the 
intercept of H/3 at the effective radius by using equation 
(9). Columns (6)-(7) are parameters of the age gradients, 
the intercept (tg) e = p\{A\ — q\) + P2(A 2 — q 2 ) at the 
effective radius and the gradient At 9 = —(p\B\ + p 2 B 2 ), 
both calculated with equation (7). For individual galaxies, 
([Fe/H]) given in columns (5) and (8) are nearly identical, 
thus the age gradient correction is not crucial for deriving 
([Fe/H]). For NGC4278, NGC4486, NGC5636, NGC4839, 
and NGC7626 we obtain unexpectedly large Aig. This is 
probably because the H/3 gradients are contaminated by 
the emission components. We note that ([Fe/H]) given 
in column (3) are not much different from those given in 
columns (5) and (8). Therefore, we conclude that the age 
corrections for ([Fe/H]) are not important. Table 3b is 
the same as table 3a, but for 31 ellipticals with the Mgb 
gradients. The same is true for ([Fe/H]) given in table 3b. 
Except for 16 galaxies to which both equations (10) and 
(8) give unreasonable ages and age gradients, the resulting 
([Fe/H]) given in columns (3), (5), and (8) are nearly the 
same. 

4. GLOBAL SCALING RELATIONS 

Gonzalez & Gorgas (1996) claimed that elliptical galax- 
ies with larger (Mg 2 ) tend to have steeper Mg 2 gradients. 
They therefore suggested that the mass-metallicity rela- 
tion of elliptical galaxies holds only for the central metal- 
licity and claimed that the mean metallicity of elliptical 
galaxies should be universal. Since the mass-metallicity 
relation, or equivalently the color-magnitude relation, of 
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elliptical galaxies has been a fundamental relation that any 
theory of galaxy formation should account for (e.g., Ari- 
moto & Yoshii 1987; Kodama & Arimoto 1997; Kauffmann 
& Chariot 1998), it is important to verify if mean stel- 
lar metallicities of ellipticals correlate tightly with other 
global properties, including luminosities, or if the mean 
metallicities are just universal for all ellipticals, regardless 
of their masses. 

Table 4 gives physical properties of 80 elliptical galax- 
ies: Columns (l)-(3) gives the name of galaxy, the ref- 
erence, and the morphology type taken from RC3, re- 
spectively. Columns (4)- (8) gives the central Mg2 index 
(mag), the central velocity dispersion (km s _1 ), both are 
taken from Davies et al. (1987), the absolute effective ra- 
dius (kpc), the absolute magnitude in B-band (mag), and 

K\ = (log (Tq + l°g ^e)/ y/2 introduced by Bender, Burstein 
& Faber (1992) as a galaxy mass tracer, respectively. The 
effective radius and the absolute magnitude are calculated 
from Burstein et al. (1987) with the distance modulus es- 
timated from the D n — a relation of elliptical galaxies by 
C.Ikuta & N. Arimoto (private communications). 

In the following arguments, we use if necessary, a ratio 
of the rotational velocity to a velocity dispersion (v/a)*, a 
parameter which shows the distortion of the isophotal 
contour (Bender et al. 1993), a parameter S which shows 
the kinematical peculiarity (Schweizer & Seitzer 1992), 
and a gas mass M gas which is estimated from the ASCA 
X-ray observations (Matsushita 1997). 

In the following sections, we demonstrate the global scal- 
ing relations for elliptical galaxies. Table 5 gives a result 
of our attempts for searching the relations. Columns (3) 
gives the number of galaxies used, and column (4) gives 
the correlation coefficient. The scaling laws are given in 
column (5) if the correlation coefficients are appreciably 
significant. 

4.1. Gradients versus Mean Metallicity 

In figures 5a and 5b, we plot the Mg2 gradient against 
[Fc/H]o and ([Fe/H]), respectively. Contrary to what 
claimed by Gonzalez & Gorgas (1996), figures 5a and 5b 
show no evidence for any correlation. A study of Mgb 
gradients concludes the same, although not shown here. 

4.2. Gradients versus Mass 

Figure 6a-6d show the Mg 2 gradient against galaxy mass 
tracers; the central velocity dispersion ct , the absolute 
B-magnitude Mb, the absolute effective radius R c , and 
K\ = (logCTg + logi? c )/\/2. Contrary to a prediction of 
numerical simulation (Carlberg 1984), figures 6 shows no 
evidence for any correlation. 

4.3. Metallicity- Mass Relation 

The color-magnitude relation of elliptical galaxies is usu- 
ally interpreted as that luminous galaxies have higher 
mean stellar metallicities (Arimoto & Yoshii 1987; Ko- 
dama & Arimoto 1997). Figures 7a and 7c show how 
log (To correlates with [Fe/H]o and ([Fc/H]), respectively. 
Both are derived from Mg2. The ([Fc/H]) - logoo relation 
is well defined and has nearly the same slope to that of 
the [Fe/H] - logCTo relation, but is systematically 0.3 dex 
lower; i.e., the mean stellar metallicity is about a half of 



the central metallicity. We note that the age correction by 
using H/3 changes little this relation. Figure 7b shows an 
equivalent relation derived from Mg b . Although the slope 
is similar to that defined by Mg 2 , the scatters are quite 
large. Figures 7d-7f are the same as figure 7c, but for the 
other mass tracers; Mb, R e , and K\, respectively. We can 
also find a similar metallicity-mass relation for ki with a 
little larger scatter, and in the case of Mb and R c scatters 
become quite larger. This is because the relation with Mb 
and i? e is a face-on view of the fundamental plane, which 
we discuss in section 4.4. Therefore, we conclude that the 
metallicity-mass relation of ellipticals hold not only for 
the galaxy center but also for the whole stellar popula- 
tions within a galaxy. When we use the mean metallicity 
with the correction of age estimated by H/3 in Table 3a 
and 3b, the scatters in the metallicity-mass relations do 
not become smaller. 

4.4. Fundamental Plane of Metallicity-Mass-Surface 
Brightness 

A fundamental plane (FP) is a correlation of elliptical 
galaxies with 2 + n parameters (e.g., Djorgovski & Davies 
1987; Dressier et al. 1987) and is a clue to understand 
formation and evolution of elliptical galaxies. One pos- 
sible interpretation of the FP, defined by central veloc- 
ity dispersions cto, absolute effective radii R , and surface 
brightnesses within an effective radius SB e attributes it to 
a correlation of the mass-to-light ratio M/L to the total 
luminosity, or equivalently, to the total galaxy mass (e.g., 
Faber et al. 1987). The FP is observed up to z ~ 0.5 
by recent HST observations (Kelson et al. 1997), which 
can be understood as an evidence for passive evolution of 
cluster elliptical galaxies since z < 0.5. The FP can be 
defined for colors or (Mg 2 )o instead of cto (de Carvalho & 
Djorgovski 1989). As we have seen above, ([Fe/H]) cor- 
relates well to cto- Therefore, we study if ([Fe/H]) defines 
new FPs with other global scaling properties. Table 6 
gives the FPs of our sample; the first four arc already well 
known FPs and the last two are the new FPs found in this 
study. Figures 7d and 7e (([Fe/H]) against Mb and R e , 
respectively) include significant scatters, which is because 
these figures are the face-on view of the FPs (([Fc/H]), 
SB , and Mb or R c ). Even if we include a parameter SB 
to the ([Fe/H]) — logCTo relation (Figure 7c), we cannot re- 
duce the scatter, which means figure 7c provides the exact 
edge-on view of the FP. 

Figure 8 shows a new fundamental plane defined by 
([Fe/H]), R^, and SB C . We interpret it as the correlation of 
the metal mass-to-light ratio M z /L to the total luminosity. 
The FP of cto - SB C ' - R e is given by: 

cto oc i? c ' 64 (S)°' 68 . (23) 

The FP of ([Fe/H]) - SB C - R e is: 

(Z)kI£ m (E)J- 38 . (24) 

With the definition of the surface brightness (S) e = 
2L/kRI (SB c = -2.51og(E)e), the virial theorem 
GM/R e ex Op, and the definition of metallicity Mz/M = 
(Z), we get the following equations: 

M/LozR-° A2 L - 35 . (25) 
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M z /L oc A" 1 ' 91 !, 1 - 73 . (26) 

where L, M and Mz are the luminosity, the mass, the 
mass of the metals of the galaxy, respectively. 

4.5. Magnesium Enrichment? 

It has been quite often claimed that magnesium and per- 
haps other a-elements are overabundant in central regions 
of elliptical galaxies (Worthey, Faber, & Gonzalez 1992; 
Davies et al. 1993; Gonzalez 1993; Fisher et al. 1995b). 
In particular, Fisher et al. (1995b) demonstrated that el- 
lipticals with larger cto tend to have larger [Mg/Fe]o (c.f., 
Trager et al. 1998). We have studied if this is also true 
for the mean abundances of these elements. 

Figure 9 compares ([Fe/H]) given by Mg2 and Fei, re- 
spectively. As is clearly seen, ([Fe/H])M g2 are higher than 
([Fe/H]) Fci by - 0.2 dex. If Mg 2 and Fei reflect the 
abundances of magnesium and iron, respectively, figures 
9 implies that magnesium is enhanced by <~ 0.2 dex with 
respect to iron in everywhere within a galaxy. We have 
checked if there is any systematic difference in the gra- 
dients of Mg 2 and Fei, but fail to find any clear corre- 
lation. We do not find any relation between ([Mg/Fe]) 
and dynamical or luminous masses, as shown in table 6. 
We also note that in figure 9 there is no trend of in- 
creasing ([Mg/Fe]) towards higher ([Fe/H])M g2 ; or in other 
words, ([Mg/Fe]) ~ +0.2 in most elliptical galaxies inde- 
pendent of their mass, in contrast to what was claimed for 
[Mg/Fe]o- This can be seen much clearly in figures 10a- 
lOd in which we plot ([Mg/Fe]) against logoo, Mb, R c , 
and «i, respectively. Obviously, these figures do not show 
any correlation at all. 

However, a word of caution is to be given. The magne- 
sium enhancement might not be real. Although Fei is less 
fragile to the velocity dispersion gradient than Fe2, the ob- 
servational errors of Fei are much larger than those of Mg 2 . 
It is not yet fully understood whether Mg 2 gives [Mg/H] 
and Fei traces [Fe/H]. Indeed, Mg 2 depends strongly on 
carbon, iron, and several other spices (Tripicco & Bell 
1995). An increase of metallicity increases the opacity and 
changes the structure of stellar atmosphere, as a result of 
which the indices will be strengthened; thus Mg 2 should 
also be sensitive to [Fe/H]. Therefore, one should keep in 
mind that the ratio of Mg 2 to Fei may not directly give 
the [Mg/Fe] ratio. 

The point we wish to make here is as follows: Previ- 
ously, it was claimed that more massive ellipticals tend 
to have [Mg/Fe] ratios (e.g., Fisher et al. 1995b). This 
claim based on the assumption that Mg 2 and Fei give 
[Mg/H] and [Fe/H], respectively, and used only central 
values of Mg 2 and Fei for their analyses. Under the same 
assumption, but if ([Mg/H]) and ([Fe/H]) are used instead, 
there exists no clear correlation between ([Mg/Fe]) and the 
galaxy mass (figures lOa-lOd). If the assumption we made 
turns out to be wrong, our conclusion should be wrong, 
but Fisher et al.'s (1995b) argument should also lose its 
standing point. 

Magnesium is mainly produced by Type II supernovae 
(SNc II), while the bulk of iron is produced by Type la 
supernovae (SNe la), and SNe II and SNe la have differ- 
ent lifetimes; 10 6-8 yr and a few Gyr, respectively (c.f., 
Kobayashi et al. 1998). Thus, the [Mg/Fe] ratio provides 
crucial constraints on the timcscalc of chemical enrichment 



in elliptical galaxies. Based on the previous findings for 
the ratio of Mg 2 and Fei at the galaxy center, it has been 
suggested that the magnesium enhancement in elliptical 
galaxies can be explained (e.g., Worthey et al. 1992; Mat- 
teucci 1994), if 1) the duration of star formation is shorter 
than a few Gyr before SNe la start to explode, or if 2) 
a slope of initial mass function (IMF) is flatter than a 
slope of the Salpeter IMF to produce more SNe II, or if 

3) the metal enriched wind induced the selective mass loss 
and ejected the iron enriched gas before it is consumed for 
forming next generations of stars (Vader 1986; 1987), or if 

4) the binary frequency is smaller and produces less SNe 
la in ellipticals (Arimoto et al. 1997), or if 5) SNe la ex- 
plode less frequently in metal rich environment, which is 
contrary to what is expected theoretically (Kobayashi et 
al. 1998), or if 6) the yields of SNe II significantly depend 
on the metallicity (Maeder 1992). In the present study, we 
find that ([Mg/Fe]) ~ +0.2 regardless of the galaxy mass. 
This can be most naturally explained if the star formation 
had stopped in elliptical galaxies before the bulk of SNe la 
began to explode, as was already predicted by a galactic 
wind model by Arimoto & Yoshii (1987). A recent de- 
tailed study of metallicity effects on SNe la by Kobayashi 
et al. (1998) suggests that duration of the star formation 
in elliptical galaxies should be ~ 1 Gyr. 

5. DISCUSSIONS 

5.1. Dispersion 

Global metallicities of elliptical galaxies correlate with 
central velocity dispersions but with rather large disper- 
sions (figure 7c) . This comes from the fact that the metal- 
licity gradient of elliptical galaxies is not uniquely deter- 
mined by the galaxy mass. Figure 11 shows three se- 
quences of galaxies with various gradients. All galaxies are 
normal ellipticals showing no significant peculiarity. Left 
panel shows a sequence of (Mg 2 ) = const., so that these 
galaxies have the same intercepts at the effective radius 
and yet show different gradients. This means that ellipti- 
cal galaxies can have the same mean metallicities even if 
the metallicities at the galaxy center are considerably dif- 
ferent. Middle panel shows a sequence of (Mg 2 ) = const., 
thus these galaxies have the same central Mg 2 , but have 
different gradients. This implies that even if the galaxy 
mass is the same, elliptical galaxies can have significantly 
different mean stellar metallicities. Right panel shows a 
sequence of AMg 2 /Alogr = const., indicating that ellip- 
ticals can have the same Mg 2 gradient while global metal- 
licities are different. 

5.2. Errors 

Non-negligible scatters observed in the ([Fe/H]) - logco 
relation (figure 7c) might arise from observational errors 
involved in the line-strength measurements and the veloc- 
ity dispersions. To see if one can attribute the dispersion 
entirely to the observational errors, we evaluate the indi- 
vidual errors. 

The effective radius r c is sometimes difficult to deter- 
mine, and in the worst case, r differs almost 10 arc- 
sec from authors to authors (Fisher, Illingworth, & Franx 
1995a). However, with AMg 2 /Alogr ~ —0.051, a change 
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brought into mean metallicities is A[Fe/H] ~ 0.05, thus is 
negligibly small. 

It is not always the case to adopt the same spectral 
resolutions. The offset resulted from different resolutions 
is as large as AMg 2 ~ 0.03 and AFei ~ 0.5. The 
resulting errors in ([Fe/H]) are A[Fe/H] Mg2 ~ 0.2 and 

A[Fe/H] Fci <~ 0.3, which could partly account for the dis- 
persions, but not entirely. 

Velocity dispersions in ellipticals usually decrease from 
the galaxy center to the outer area. The correction factors 
are 1.02 for Mg 2 , 1.23 for Fei, and 1.5 for Fc 2 at the ve- 
locity dispersion a = 300 km s _1 , which arc negligible for 
the Mg2 gradient, but are significant for the Fei and Fe 2 
gradients (Davies et al. 1993). 

Some elliptical galaxies are known to have the surface 
brightness profile that deviates significantly from de Vau- 
couleurs' law (Caon et al. 1993; Binggeli & Jerjen 1997; 
Graham & Colless 1997). Therefore, we use Sersic law for 
the surface brightness profile and study how the resulting 
mean metallicity depends on the n parameter. We find 
that the effect of changing n is negligibly small. 

Many ellipticals tend to have less steep gradients at the 
galaxy center. Although it is likely that this is caused 
by poor sccings, one may argue that it introduces errors 
in the resulting metallicity. However, the stellar mass in- 
volved within log r/r c — —1.5 is only ~ 2%, and therefore 
the errors due to this effect should be small. 

The mass-to- light ratio M/L differs from galaxy to 
galaxy (Faber & Jackson 1976; Michard 1980; Schechter 
1980). This would affect the absolute magnitudes Mb, but 
not the velocity dispersions. 

None of the observational errors can fully account for the 
large scatter in the ([Fe/H]) - logero relation. Therefore, 
we conclude that the scatters in metallicity-mass relations 
are at least partly real. 

5.3. Mergers? 

To examine if this dispersion of the metallicity gradi- 
ent and the scatter of metallicity-mass relations come from 
galaxy mergers, we check whether the metallicity gradients 
and the residuals from the ridge line of ([Fe/H]) - logco 
relation correlate with dynamical disturbances, such as a 
ratio of rotational velocity to velocity dispersion (v/a)*, 
an isophotal contour deviation a 4 , a dynamical peculiarity 
S, and the mass of hot X-ray gas M gas . We fail to find any 
definite evidence suggesting that the dispersion of metal- 
licity gradient, the scatter of metallicity-mass relations and 
the dynamical disturbances come from the same origin. 

5.4. Age Effects? 

Major results and conclusions of this article entirely 
depend on our assumption that line-strength gradients 
should be read as the metallicity gradients. The gradi- 
ents of Mg2, Mgb, Fei, and Fe2 may also arise from a 
gradient of age that decreases from the galaxy center to 
the outer halo. Indeed, in many cases H/3 shows a positive 
gradient, thus is consistent with the age gradient scenario. 
To estimate possible influences of the age gradient on our 
([Fe/H]), we have assumed that the Mg 2 and H/3 gradients 
are caused by both metallicity and age, and have derived 
the age and metallicity gradients simultaneously (table 3a 



and 3b). Except for the cases in which we obtain un- 
expectedly large ages and/or age gradients, the resulting 
([Fc/H]) are not much different from what we obtain with 
no age gradients, and the scatter of metallicity-mass rela- 
tion is nearly the same even if age gradients are considered. 
However, H/3 is not a good age indicator, and until it be- 
comes possible to analyze the gradients of new H7 defined 
by Vazdekis & Arimoto (1999), one cannot exclude the 
possibility of age gradient conclusively. 

Nevertheless, we wish to claim that the line-strength 
gradients are due to the metallicity gradient. Quite 
recently, Tamura et al. (1999) have measured gradi- 
ents of HST V606-I814 colors of 7 elliptical-like galaxies 
in the Hubble Deep Field (HDF); 2-456.0 (z=0.089), 2- 
121.0 (z=0.475), 3-790.0 (z=0.562), 3-321.0 (z=0.677), 4- 
744.0 (z=0.764), 4-493.0 (z=0.847), and 4-752.0 (z=1.013). 
These galaxies are red and their luminosity profiles follow 
de Vaucouleurs' law, thus it is very likely that they are gen- 
uine ellipticals. The V606-Isi4 gradients of these galaxies 
do not show significant difference, and this means that the 
color gradients of ellipticals evolve passively since z ~ 1. 
Tamura et al. (1999) build two evolutionary sequences 
of ellipticals by assuming that (a) the color gradients are 
entirely due to the metallicity gradient (a metallicity se- 
quence) and (b) the color gradients arise from the age 
gradient (an age sequence). The color gradients of the 
metallicity sequence evolve passively and do not change 
significantly from the present to z ~ 1. On the other 
hand, the color gradients of the age sequence become sig- 
nificantly steeper beyond z ~ 0.5 and become almost ver- 
tical at z ~ 1. Obviously, 7 ellipticals in the HDF do not 
agree with an evolution of the age sequence at all, but 
show quite excellent agreement with theoretical evolution- 
ary loci of the metallicity sequence. Therefore, the color 
gradients of ellipticals certainly reflect the gradient of stel- 
lar metallicity. Then, why not the line-strength gradients? 

6. CONCLUSIONS 

We have re-studied line-strength gradients of 80 ellip- 
tical galaxies. Our sample galaxies show a very similar 
central (Mg 2 )o distribution to that of 572 ellipticals stud- 
ied by Davies et al. (1987). We assume that the gradients 
of metallic lines, such as Mg 2 , Mgb, Fei, and Fe2, all orig- 
inate from the gradient of mean stellar metallicity in el- 
liptical galaxies, and have applied Worthcy's (1994) index- 
metallicity relations to get A [Fe/H] /A log r = -0.30±0.12 
(Mg 2 ), -0.34 ± 0.16 (Mg b ), -0.28 ± 0.16 (Fei), and 
-0.25 ± 0.13 (Fe 2 ) and find more than 80% of ellipti- 
cal galaxies show the metallicity gradients in the range 
of -0.6 < A [Fe/H] /A log r < -0.1. A typical gradient 
A[Fe/H]/A logr ~ —0.3 is flatter than the gradients pre- 
dicted by monolithic collapse simulations (Larson 1974a; 
Carlberg 1984). The metallicity gradients do not correlate 
with any physical properties of galaxies, including cen- 
tral and mean metallicities, central velocity dispersions do 
, absolute B-magnitudes Mb, absolute effective radii R c , 
and dynamical masses of galaxies. Unless there are signifi- 
cant unknown errors in the measurements of line-strength 
gradients, elliptical galaxies have different metallicity gra- 
dients, even if they have nearly identical properties such 
as masses and luminosities. This rather surprising behav- 
ior of the line-strength gradients has never been taken into 
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account in modeling the formation of elliptical galaxies. 

By using the metallicity gradients, we have calculated 
mean stellar metallicities for individual ellipticals. The av- 
erage metallicities of our sample are ([Fe/H]) = —0.18 ± 
0.19 (Mg 2 ), -0.15 ±0.24 (Mg b ), -0.37 ±0.17 (Fei), and 
—0.36 ±0.18 (Fe2), and a typical metallicity is a half solar, 
([Fc/H]) ~ —0.3. Contrary to what Gonzalez & Gorgas 
(1996) claimed, the mean metallicities of ellipticals are 
not universal, but range from ([Fe/H]) ~ —0.8 to ±0.3. 
Since the mean metallicity of 19 elliptical galaxies with 
cr > 250 km s" 1 is ([Fe/H]) ~ -0.04 ±0.11, a claim made 
by Arimoto et al. (1997) remains unexplained; i.e., the 
iron abundance of the interstellar mediums of luminous 
elliptical galaxies, as derived from ASCA X-ray observa- 
tions of the iron L complex, is at variance with the abun- 
dance expected from the stellar populations. ([Fe/H]) cor- 
relates well with dp and dynamical mass, though relations 
for Mb and R c include significant scatters. We find the 
fundamental planes defined by surface brightnesses SB C , 
([Fe/H]), and R e (or Mb), the scatters of which are much 
smaller than those of the ([Fe/H]) - R c (or Mb) relation. 
The ([Fe/H]) - loger relation is nearly in parallel to the 
[Fe/H]o - log (To relation but systematically lower by 0.3 
dex; thus the mean metallicities are about a half of the 
central values. The mctallicity-mass relation, or equiva- 
lently, the color-magnitude relation of ellipticals holds not 
only for the central part but also for the whole part of 
galaxies. 

Assuming that Mg 2 and Fei give [Mg/H] and [Fe/H], re- 
spectively, we find ([Mg/Fe]) ~ +0.2 in most of elliptical 
galaxies. ([Mg/Fe]) shows no correlation with galaxy mass 
tracers such as cto , in contrast to what was claimed for the 
central [Mg/Fe]. This can be most naturally explained if 
the star formation had stopped in elliptical galaxies before 



the bulk of SNe la began to explode. 

Elliptical galaxies can have significantly different metal- 
licity gradients and ([Fe/H]) even if they have the same 
galaxy mass. This may result from different history of 
galaxy mergers, as suggested by White's (1980) simula- 
tion. However, we fail to find any evidence suggesting the 
same origin for the dispersion of metallicity gradient, the 
scatter around the metallicity-mass relation, and the dy- 
namical disturbances; none of available data of S, CI4, and 
(v/a)* show a correlation with the gradients and the scat- 
ters. The scatters of both gradient and metallicity-mass 
relation might come from dust obscuration, but contrary 
to broad band colors, line strengths are far less sensitive to 
the dust. Another possibility is that the scatters are due 
to different ages and age gradients. However, the scatters 
are affected little by the age and age gradient which we 
derive from Hg, although H^ may not be a good age indi- 
cator. If it turns out that these galaxies are old and have 
no peculiar age gradients, the scatters discussed in this 
paper should have their origin at the formation epoch of 
galaxies. 
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APPENDIX 

MG 2 AND MG B GRADIENTS OF EARLY- TYPE GALAXIES 

To give a comprehensive view of the line-strength gradients, we show in figures 12 and 13 the Mg 2 and Mgb gradients 
of 133 early-type galaxies including compact ellipticals, SO galaxies, and bulge of spirals. Filled circles and crosses are the 
observational data taken from F77, EG, CH, PEL, GEA, BT, D91a, D91b, BS, D92, CDB, DSP, GON, HP, SAG, CDa, 
CDb, SPD, CGA, and FFI. We plot the data taken along several position angles, after correcting for the eccentricity. 
Solid lines give regression lines which are calculated by using only filled circles. 
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Fig. 1. — The frequency distributions of the line-strength gradients. From the upper-left to the lower- left in clockwise, 
the panels show Mg 2 , Fei, Fe2, and Mgb, respectively. The metallicity scales are taken from the index-metallicity relations 
of Worthey's (1994) population synthesis models, provided that galaxies are 17 Gyr old. 
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Fig. 2. — The frequency distribution of Mg2 at a galaxy center for 572 ellipticals (dashed line) taken from Davies et al. 
(1987) and 46 ellipticals of our sample (solid line). The metallicity scale is the same as in figure 1. 
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Fig. 3.— The same as figure 1, but for the intercepts at the effective radius. 




Fig. 4. — B./3 versus Mg 2 (upper panel) and Mgb (lower panel) relations as a function of age and metallicity. Dotted 
lines give simple stellar population models of Worthey (1994), and solid lines are the approximated relations adopted in 
this paper. 
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Fig. 5. — The Mg 2 gradient versus the metallicity. Open and filled circles show cD and elliptical galaxies, respectively, 
(a) and (b) are for the central metallicity, and the mean stellar metallicity calculated with equation (22), respectively. 
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Fig. 6.— The Mg 2 gradient versus the mass tracers; (a) the central velocity dispersion cr , (b) the absolute B-magnitudc 
Mb, (c) the absolute effective radius R e , and (d) the dynamical mass K\ — (logo-p + \ogR e )/^/2. Symbols are the same 
as in figure 5. 
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Fig. 7. — The metallicity versus the mass tracers; (a)-(c) ao, (d) Mb, (e) R c , and (f) m. (a) is for the central metallicity 
derived from the central Mg 2 index, (b) is for the mean stellar metallicity derived from the Mgb gradient, and (c)-(f) are 
for the mean stellar metallicity derived from the Mg 2 gradient. Symbols are the same as in figure 5. 
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Fig. 8. — The fundamental plane for the absolute radius, the surface brightness, and the mean metallicity. The symbols 
are the same as in figure 5. 




Fig. 9.— Comparison of the mean metallicities derived from Mg 2 and Fei. The symbols are the same as in figure 5. 
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Fig. 10. — The mean [Mg/Fe] ratio versus the mass tracers; (a) cto, (b) Mb, (c) R c , and (d) n\. Symbols are the same 
as in figure 5. 
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Fig. 11.— The Mg 2 gradients of elliptical galaxies. The left, middle, and right panels give the sequences of (Mg) = const., 
log <7o = const., and AMg 2 /Alogr = const., respectively. 
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Fig. 12. — The Mg 2 gradients of early-type galaxies. 
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Line-strength Gradients of Elliptical Galaxies 
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Table 1 — Continued 



Galaxy 


Ref. 


Index 


(Index) e 


Error 


AIndex 
A log r 


Error 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


IC 3370 


CDB 


Mg 2 


0.239 


0.004 


-0.018 


0.003 


IC 4889 


CDB 


Mg 2 


0.227 


0.005 


-0.027 


0.005 


IC 4943 


CDB 


Mg 2 


0.219 


0.004 


-0.037 


0.003 






Fei 


2.359 


0.217 


-0.598 


0.198 


Abell 496 


FFI 


Mg 6 


2.936 


0.750 


-1.291 


0.516 


ESQ 323-16 


CDB 


Mg 2 


0.218 


0.005 


-0.042 


0.004 



Col.(l).— Galaxy ID. 
Col. (2) . — Reference. 
Col. (3) .—Index. 

Col.(4)(5). — Intercept at the effective radius and the error. 
Col. (6) (7). — Gradient and the error. 
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Table 2 

Metallicity Gradients and Mean Metallicities of Elliptical Galaxies 



Mg 2 Mgb Fei Fc2 Mg 2 Mg b Fgi Fe 2 

Galaxy Ref. T* c T e c 7T a c T a c ([Ec/HJ) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 



NGC 


315 


DSP 





.0185 


-0 


.225 






0.0179 


0.096 






0.00 




-0.05 






NGC 


547 


GON 










0.0227 


-0.293 


0.0050 


-0.387 


0.0099 


-0.098 




0.11 


-0.51 


-0 


.30 


NGC 


584 


GON 










0.0156 


-0.142 


0.0051 


-0.380 


0.0069 


-0.260 




-0.09 


-0.50 


-0 


.42 


NGC 


636 


GON 










0.0109 


-0.245 


0.0091 


-0.277 


0.0073 


-0.285 




-0.23 


-0.30 


-0 


.39 


NGC 


720 


GON 










0.0335 


-0.174 


0.0072 


-0.214 


0.0220 


0.126 




0.25 


-0.41 





.04 


NGC 


741 


DSP 


0. 


0121 


-0. 


372 






0.0044 


-0.514 






-0.14 




-0.51 






NGC 


821 


GON 










0.0099 


-0.386 


0.0065 


-0.344 


0.0109 


-0.097 




-0.22 


-0.42 


-0 


.25 


NGC 


1052 


CDB 





.0119 


-0. 


428 






0.0074 


-0.295 






-0.12 




-0.38 






NGC 


1209 


CDB 





.0108 


-0. 


341 






0.0128 


-0.287 






-0.20 




-0.14 






NGC 


1298 


CDB 





0056 


-0. 


183 














-0.53 










NGC 


1453 


GON 










0.0121 


-0.468 


0.0086 


-0.176 


0.0123 


-0.157 




-0.09 


-0.34 


-0 


.19 


NGC 


1600 


DSP 


0. 


0159 


-0 


457 






0.0058 


-0.372 






0.02 




-0.45 






NGC 


1700 


GON 










0.0096 


-0.278 


0.0069 


-0.382 


0.0094 


-0.200 




-0.27 


-0.37 


-0 


.30 


NGC 


2434 


CDa 





.0044 


-0. 


356 






0.0048 


-0.253 


0.0058 


-0.180 


-0.58 




-0.57 


-0 


.51 


NGC 


2663 


CDb 


0. 


.0145 


-0. 


344 






0.0095 


-0.262 


0.0040 


-0.454 


-0.07 




-0.28 


-0 


.58 


NGC 


2778 


GON 










0.0193 


-0.220 


0.0099 


-0.137 


0.0051 


-0.349 




0.02 


-0.29 


-0 


.52 


NGC 


2832 


FFI 










0.0224 


-0.213 












0.08 








NGC 


2974 


CDB 





.0090 


-0. 


.315 














-0.29 










NGC 


3078 


CDB 





.0119 


-0. 


.327 






0.0103 


-0.333 






-0.16 




-0.22 






NGC 


3136B 


CDB 





.0059 


-0. 


.297 














-0.48 










NGC 


3226 


CDB 





.0067 


-0. 


342 














-0.40 










NGC 


3250 


CDB 





.0157 


-0. 


259 






0.0101 


-0.466 






-0.06 




-0.17 






NGC 


3260 


CDB 





.0069 


-0. 


380 














-0.38 










NGC 


3377 


GON 










0.0032 


-0.642 


0.0030 


-0.481 


0.0022 


-0.530 




-0.55 


-0.69 


-0 


.79 


NGC 


3379 


DSP 


0. 


0120 


-0. 


.324 






0.0047 


-0.305 


0.0098 


-0.246 


-0.16 




-0.57 


-0 


.27 


NGC 


3557 


CDB 


0. 


.0130 


-0. 


257 






0.0247 


-0.110 






-0.14 




0.10 






NGC 


3608 


GON 










0.0081 


-0.465 


0.0233 


0.140 


0.0090 


-0.155 




-0.26 


0.07 


-0 


.33 


NGC 


3818 


GON 










0.0054 


-0.766 


0.0033 


-0.606 


0.0040 


-0.523 




-0.22 


-0.56 


-0 


.54 


NGC 


4073 


FFI 










0.0317 


-0.061 












0.20 








NGC 


4261 


DSP 


0. 


.0182 


-0. 


338 






0.0078 


-0.335 


0.0121 


-0.354 


0.03 




-0.34 


-0 


.14 


NGC 


4278 


DSP 





0119 


-0. 


.350 






0.0081 


0.036 


0.0076 


-0.229 


-0.15 




-0.39 


-0 


.39 


NGC 


4365 


BS 





0111 


-0. 


.348 














-0.18 










NGC 


4374 


DSP 





.0148 


-0. 


.323 






0.0093 


-0.101 


0.0082 


-0.242 


-0.07 




-0.32 


-0 


.35 


NGC 


4406 


BS 





0107 


-0. 


271 














-0.23 










NGC 


4472 


DSP 





.0227 


-0. 


190 






0.0107 


-0.262 


0.0141 


-0.350 


0.08 




-0.23 


-0 


.08 


NGC 


4478 


GON 










0.0163 


-0.146 


0.0053 


-0.408 


0.0071 


-0.289 




-0.07 


-0.48 


-0 


.40 


NGC 


4486 


DSP 





.0216 


-0. 


326 






0.0076 


-0.269 


0.0143 


-0.180 


0.10 




-0.37 


-0 


.12 


NGC 


4489 


GON 










0.0030 


-0.312 


0.0058 


-0.279 


0.0034 


-0.339 




-0.77 


-0.49 


-0 


.70 


NGC 


4494 


BS 


0. 


0037 


-0. 


478 














-0.60 










NGC 


4552 


GON 










0.0216 


-0.339 


0.0069 


-0.300 


0.0086 


-0.274 




0.10 


-0.41 


-0 


.32 


NGC 


4636 


DSP 





0103 


-0. 


458 






0.0054 


-0.371 


0.0136 


-0.173 


-0.16 




-0.48 


-0 


.15 


NGC 


4649 


GON 










0.0323 


-0.262 


0.0052 


-0.353 


0.0080 


-0.318 




0.25 


-0.51 


-0 


.34 


NGC 


4696 


CDB 


0. 


.0184 


-0. 


140 














-0.02 










NGC 


4697 


GON 










0.0054 


-0.439 


0.0031 


-0.503 


0.0033 


-0.440 




-0.46 


-0.67 


-0 


.67 


NGC 


4839 


DSP 





.0123 


-0. 


336 














-0.14 










NGC 


4874 


FFI 










0.0151 


-0.325 












-0.06 








NGC 


5011 


CDB 





.0104 


-0. 


283 














-0.23 










NGC 


5018 


CDb 





0076 


-0. 


179 






0.0091 


-0.224 


0.0096 


-0.273 


-0.40 




-0.31 


-0 


.27 


NGC 


5044 


CDB 





.0283 


-0. 


.059 














0.15 










NGC 


5077 


CDB 





.0119 


-0. 


331 






0.0098 


-0.244 






-0.16 




-0.27 






NGC 


5090 


CDB 





.0214 


-0. 


186 






0.0090 


-0.252 






0.05 




-0.31 






NGC 


5322 


BS 





.0087 


-0. 


219 














-0.33 










NGC 


5638 


GON 










0.0080 


-0.517 


0.0069 


-0.259 


0.0063 


-0.253 




-0.24 


-0.42 


-0 


.46 


NGC 


5796 


CDB 


0. 


0210 


-0. 


225 






0.0105 


-0.331 






0.05 




-0.21 






NGC 


5812 


GON 










0.0184 


-0.279 


0.0078 


-0.301 


0.0095 


-0.294 




0.01 


-0.35 


-0 


.27 


NGC 


5813 


GON 










0.0115 


-0.380 


0.0114 


-0.040 


0.0078 


-0.086 




-0.15 


-0.24 


-0 


.40 


NGC 


5831 


GON 










0.0073 


-0.436 


0.0068 


-0.335 


0.0059 


-0.387 




-0.32 


-0.40 


-0 


.44 


NGC 


5846 


CDB 


0. 


.0316 


-0. 


041 






0.0089 


-0.243 






0.20 




-0.32 






NGC 


5903 


CDB 


0. 


.0098 


-0. 


237 














-0.27 










NGC 


6127 


GON 










0.0188 


-0.327 


0.0049 


-0.339 


0.0098 


-0.118 




0.04 


-0.54 


-0 


.30 


NGC 


6166 


FFI 










0.0061 


-0.554 












-0.33 








NGC 


6702 


GON 










0.0103 


-0.106 


0.0084 


-0.206 


0.0119 


-0.152 




-0.28 


-0.35 


-0 


.21 


NGC 


6868 


CDB 





0166 


-0. 


228 






0.0078 


-0.419 






-0.05 




-0.30 






NGC 


7052 


GON 










0.0193 


-0.329 


0.0071 


-0.187 


0.0108 


-0.105 




0.05 


-0.42 


-0 


.26 


NGC 


7097 


CDB 


0. 


.0068 


-0. 


526 






0.0029 


-0.668 






-0.31 




-0.57 






NGC 


7192 


CDa 





.0063 


-0. 


348 






0.0046 


-0.325 


0.0038 


-0.382 


-0.43 




-0.58 


-0 


.64 


NGC 


7200 


CDB 





.0078 


-0. 


.652 














-0.16 










NGC 


7454 


GON 










0.0037 


-0.273 


0.0035 


-0.312 


0.0049 


-0.157 




-0.69 


-0.70 


-0 


.59 


NGC 


7562 


GON 










0.0196 


-0.148 


0.0133 


-0.056 


0.0066 


-0.231 




0.01 


-0.17 


-0 


.45 


NGC 


7619 


GON 










0.0174 


-0.379 


0.0045 


-0.438 


0.0106 


-0.255 




0.03 


-0.54 


-0 


.24 


NGC 


7626 


DSP 





.0145 


-0. 


405 






0.0174 


0.004 


0.0127 


-0.264 


-0.04 




-0.06 


-0 


.15 
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Table 2 — Continued 







Mg 2 






Sb 


Fei 




Fc 2 


Mg 2 


Mg b 


Fei 


Fe 2 


Galaxy 


Ref. 




c 








c 


Z c c 




([Fc/HJ) 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) (10) 


(11) 


(12) 


(13) 


(14) 


NGC 7720 


FFI 






0.0079 


-0.532 










-0.24 






NGC 7768 


FFI 






0.0114 


-0.278 










-0.20 






NGC 7785 


GON 






0.0134 


-0.305 


0.0081 - 


-0.166 


0.0122 -0.129 




-0.12 


-0.37 


-0.20 


IC 1459 


CDB 


0.0148 - 


-0.382 






0.0121 - 


-0.290 




-0.04 




-0.17 




IC 3370 


CDB 


0.0110 - 


■0.103 












-0.25 








IC 4889 


CDB 


0.0094 - 


-0.157 












-0.31 








IC 4943 


CDB 


0.0085 - 


-0.215 






0.0054 - 


-0.403 




-0.34 




-0.48 




Abell 496 


FFI 






0.0056 


-0.579 










-0.36 






ESQ 323-16 


CDB 


0.0084 - 


-0.246 












-0.34 









Col.(l).— Galaxy ID. 
Col. (2) . — Reference. 

Col. (3) (5) (7) (9). —Gradients for Mg 2 , Fei, Fe 2 , and Mg b . 

Col.(4)(6)(8)(10). — Intercepts at the effective radius for Mg 2 , Fei, Fc 2 , and Mg b . 
Col.(ll)(12)(13)(14).— Mean metallicities for Mg 2 , Fei, Fe 2 , and Mg b . 



Table 3a 

Mean Metallicities corrected with Hj3 



cq.(22)(2)(4) cq.(22)(5)(10) cq.(22)(6)(8) 



Galaxy 


Ref. 


<[Fe/Hj> 


(t 9 )e 


<[Fc/Hj) 


(tg)c 


Atg 


<[Fc/Hj) 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


NGC 315 


DSP 


0.00 


15.6 


0.02 


15.4 


-0.1 


0.03 


NGC 741 


DSP 


-0.14 


9.9 


0.01 


10.6 


-5.0 


-0.03 


NGC 1600 


DSP 


0.02 


6.7 


0.21 


3.6 


-2.3 


0.27 


NGC 3379 


DSP 


-0.16 


11.4 


-0.04 


12.8 


3.7 


-0.05 


NGC 4261 


DSP 


0.03 


13.7 


0.08 


12.7 


-0.7 


0.10 


NGC 4278 


DSP 


-0.15 


17.6 


-0.18 


22.2 


-38.0 


-0.15 


NGC 4374 


DSP 


-0.07 


9.9 


0.08 


8.9 


-4.9 


0.08 


NGC 4472 


DSP 


0.08 


18.2 


0.04 


17.4 


5.9 


0.08 


NGC 4486 


DSP 


0.10 


17.5 


0.06 


16.8 


-12.2 


0.04 


NGC 4636 


DSP 


-0.16 


2.9 


0.12 


1.6 


-14.5 


0.09 


NGC 4839 


DSP 


-0.14 


20.4 


-0.24 


26.1 


10.1 


-0.29 


NGC 7626 


DSP 


-0.04 


20.3 


-0.15 


24.5 


9.8 


-0.16 



Col. (1).— Galaxy ID. 
Col. (2) . — Reference. 

Col. (3) (5) (8). — Mean metallicities calculated with (4), (10), and (8), respectively. 
Col. (4) (6). — Age at the effective radius 
Col. (7). — Age gradient 



KOBAYASHI & ARIMOTO 



Table 3b 

Mean Metallicities corrected with Hj3 



cq.(22)(2)(4) eq.(22)(5)(10) cq.(22)(6)(8) 



Galaxy 


Ref. 


<[Fc/Hj) 


*9 




(*9)e 


Atg 


<[Fc/Hj> 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


NGC 547 


GON 


0.11 


17.8 


0.06 


17.1 


4.5 


0.11 


NGC 584 


GON 


-0.09 


1.9 


0.28 


—4.4 


— 2.2 


0.44 


NGC 636 


GON 


-0.23 


6.4 


0.03 


6.2 


5.6 


0.07 


NGC 720 


GON 


0.25 


-8.5 


0.88 


-28.1 


—21.0 


1.45 


NGC 821 


GON 


—0.22 


0.4 


0.17 


-2.4 


-5.1 


0.22 


NGC 1453 


GON 


-0.09 


17.8 


-0.16 


23.1 


-1.7 


-0.31 


NGC 1700 


GON 


-0.27 


0.7 


0.13 


-1.7 


1.6 


0.19 


NGC 2778 


GON 


0.02 


29.6 


-0.32 


37.2 


19.2 


-0.35 


NGC 2832 


FFI 


0.08 


16.2 


0.08 


14.7 


4.0 


0.14 


NGC 3377 


GON 


-0.55 


5.5 


-0.34 


16.4 


6.5 


-0.53 


NGC 3608 


GON 


-0.26 


10.2 


-0.14 


14.9 


7.4 


-0.18 


NGC 3818 


GON 


-0.22 


14.3 


-0.29 


25.3 


16.0 


-0.29 


NGC 4073 


FFI 


0.20 


24.1 


0.01 


23.8 


12.1 


0.07 


NGC 4478 


GON 


-0.07 


10.2 


0.09 


8.3 


8.7 


0.18 


NGC 4489 


GON 


-0.77 


-3.5 


-0.26 


2.9 


8.2 


-0.36 


NGC 4552 


GON 


0.10 


11.1 


0.22 


7.0 


-4.3 


0.30 


NGC 4649 


GON 


0.25 


20.3 


0.14 


17.7 


7.9 


0.26 


NGC 4697 


GON 


-0.46 


9.1 


-0.30 


17.2 


7.1 


-0.43 


NGC 4874 


FFI 


-0.06 


17.3 


-0.09 


20.2 


8.2 


-0.10 


NGC 5638 


GON 


-0.24 


10.0 


-0.12 


14.7 


10.0 


-0.12 


NGC 5812 


GON 


0.01 


10.4 


0.16 


7.3 


7.5 


0.29 


NGC 5813 


GON 


-0.15 


27.6 


-0.46 


39.1 


15.4 


-0.59 


NGC 5831 


GON 


-0.32 


3.1 


-0.01 


4.7 


5.7 


0.01 


NGC 6127 


GON 


0.04 


14.0 


0.08 


12.9 


6.1 


0.16 


NGC 6166 


FFI 


-0.33 


-6.4 


0.20 


-8.5 


-35.8 


0.23 


NGC 6702 


GON 


-0.28 


-0.8 


0.18 


-4.8 


2.3 


0.28 


NGC 7052 


GON 


0.05 


-4.7 


0.57 


-16.8 


-28.4 


0.95 


NGC 7454 


GON 


-0.69 


3.7 


-0.36 


12.2 


9.7 


-0.50 


NGC 7562 


GON 


0.01 


12.5 


0.11 


10.1 


4.3 


0.19 


NGC 7619 


GON 


0.03 


13.4 


0.08 


12.7 


4.0 


0.13 


NGC 7720 


FFI 


-0.24 


-11.7 


0.43 


-19.4 


-23.4 


0.54 


NGC 7768 


FFI 


-0.20 


18.8 


-0.26 


25.2 


7.2 


-0.38 


NGC 7785 


GON 


-0.12 


13.0 


-0.04 


14.5 


4.9 


-0.04 



Col. (1).— Galaxy ID. 
Col. (2) . — Reference. 

Col. (3) (5) (8). — Mean metallicities calculated with (4), (10), and (8), respectively. 
Col. (4) (6). — Age at the effective radius 
Col. (7). — Age gradient 



Line Strength Gradients in Ellipticals 



Table 4 

Physical Properties of Elliptical Galaxies 



Galaxy 


Ref. 


Type 


(Mg 2 ) 


log (TO 


log R c 


M B 










[mag] 


[km s- 1 ] 


[kpc] 


[mag] 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


NGC 315 


DSP 


cD 


0.283 


2.582 


1.36 


-22.99 


4.61 


NGC 547 


GON 


E 


0.319 


2.233 








NGC 584 


GON 


E 


0.283 


2.336 


0.46 


-20.41 


3.63 


NGC 636 


GON 


E 


0.273 


2.193 


0.29 


-19.31 


3.31 


NGC 720 


GON 


E 


0.330 


2.393 


0.70 


-20.92 


3.88 


NGC 741 


DSP 


E 


0.324 


2.447 


1.29 


-22.38 


4.37 


NGC 821 


GON 


E 


0.304 


2.299 


0.87 


-21.08 


3.87 


NGC 1052 


CDB 


E 


0.316 


2.314 








NGC 1209 


CDB 


E 


0.305 


2.322 


0.44 


-20.22 


3.59 


NGC 1298 


CDB 


cD 












NGC 1453 


GON 


E 


0.327 


2.462 


0.98 


-21.98 


4.17 


NGC 1600 


DSP 


E 


0.324 


2.507 


1.10 


-21.92 


4.33 


NGC 1700 


GON 


E 


0.278 


2.367 


0.47 


-20.99 


3.68 


NGC 2434 


CDa 


E 


0.268 


2.312 


0.99 


-22.04 


3.97 


NGC 2663 


CDb 


E 


0.324 


2.449 


1.59 


-24.41 


4.58 


NGC 2778 


GON 


E 


0.313 


2.220 


0.58 


-20.07 


3.55 


NGC 2832 


FFI 


cD 


0.340 


2.558 




-22.20 




NGC 2974 


CDB 


E 


0.300 


2.346 


0.73 


-20.94 


3.83 


NGC 3078 


CDB 


E 


0.334 


2.377 


0.65 


-21.01 


3.82 


NGC 3136B 


CDB 


cD 


0.287 


2.220 


1.51 


-23.51 


4.21 


NGC 3226 


CDB 


E 


0.307 


2.307 


0.92 


-20.59 


3.91 


NGC 3250 


CDB 


E 


0.317 


2.422 


1.01 


-22.44 


4.14 


NGC 3260 


CDB 


E 


0.297 


2.281 


0.84 


-20.72 


3.82 


NGC 3377 


GON 


E 


0.270 


2.117 


0.28 


-19.19 


3.19 


NGC 3379 


DSP 


E 


0.308 


2.303 


0.29 


-19.86 


3.46 


NGC 3557 


CDB 


E 


0.307 


2.465 


0.93 


-22.22 


4.15 


NGC 3608 


GON 


E 


0.312 


2.310 


0.64 


-20.34 


3.72 


NGC 3818 


GON 


E 


0.315 


2.314 


0.67 


-20.75 


3.75 


NGC 4073 


FFI 


cD 


0.321 


2.442 


1.35 


-22.39 


4.41 


NGC 4261 


DSP 


E 


0.330 


2.468 


0.82 


-21.43 


4.07 


NGC 4278 


DSP 


E 


0.291 


2.425 


0.52 


-20.55 


3.79 


NGC 4365 


BS 


E 


0.321 


2.394 


0.67 


-20.51 


3.86 


NGC 4374 


DSP 


E 


0.305 


2.458 


0.70 


-21.28 


3.97 


NGC 4406 


BS 


E 


0.311 


2.398 


0.92 


-21.51 


4.04 


NGC 4472 


DSP 


E 


0.306 


2.458 


0.93 


-21.83 


4.14 


NGC 4478 


GON 


E 


0.253 


2.173 


0.10 


-19.19 


3.14 


NGC 4486 


DSP 


cD 


0.289 


2.558 


0.97 


-21.81 


4.30 


NGC 4489 


GON 


E 


0.198 


1.690 








NGC 4494 


BS 


E 


0.275 


2.093 


0.31 


-19.17 


3.18 


NGC 4552 


GON 


E 


0.324 


2.417 


0.45 


-20.60 


3.74 


NGC 4636 


DSP 


E 


0.311 


2.281 


0.93 


-21.01 


3.89 


NGC 4649 


GON 


E 


0.338 


2.533 


0.80 


-21.45 


4.15 


NGC 4696 


CDB 


cD 


0.277 


2.348 


1.79 


-23.93 


4.59 


NGC 4697 


GON 


E 


0.297 


2.217 


0.58 


-20.08 


3.55 


NGC 4839 


DSP 


cD 


0.315 


2.413 


1.13 


-21.73 


4.21 


NGC 4874 


FFI 


cD 


0.328 


2.389 








NGC 5011 


CDB 


E 


0.278 


2.360 


0.85 


-21.89 


3.94 


NGC 5018 


CDb 


E 


0.209 


2.348 


0.75 


-21.95 


3.85 


NGC 5044 


CDB 


E 


0.324 


2.369 


1.21 


-21.88 


4.21 


NGC 5077 


CDB 


E 


0.295 


2.439 


0.69 


-20.86 


3.94 


NGC 5090 


CDB 


E 


0.307 


2.435 


1.10 


-22.42 


4.22 


NGC 5322 


BS 


E 


0.276 


2.350 


0.56 


-20.54 


3.72 


NGC 5638 


GON 


E 


0.317 


2.201 


0.48 


-19.67 


3.45 


NGC 5796 


CDB 


E 


0.319 


2.398 


0.72 


-21.66 


3.90 


NGC 5812 


GON 


E 


0.324 


2.310 


0.61 


-20.86 


3.70 


NGC 5813 


GON 


E 


0.308 


2.377 


0.91 


-21.29 


4.00 


NGC 5831 


GON 


E 


0.289 


2.220 


0.64 


-20.37 


3.60 


NGC 5846 


CDB 


E 


0.321 


2.444 


1.13 


-21.99 


4.26 


NGC 5903 


CDB 


E 


0.270 


2.371 


0.91 


-21.65 


4.00 


NGC 6127 


GON 


E 












NGC 6166 


FFI 


cD 


0.340 


2.513 


1.62 


-23.14 


4.70 


NGC 6702 


GON 


E 


0.272 


2.260 


0.94 


-21.14 


3.86 


NGC 6868 


CDB 


E 


0.317 


2.456 


0.80 


-21.24 


4.04 


NGC 7052 


GON 


E 












NGC 7097 


CDB 


E 












NGC 7192 


CDa 


cD 


0.250 


2.267 


0.70 


-20.39 


3.70 


NGC 7200 


CDB 


cD 


0.282 


2.290 


0.60 


-20.01 


3.67 


NGC 7454 


GON 


E 


0.206 


2.049 


0.48 


-19.49 


3.24 


NGC 7562 


GON 


E 


0.291 


2.386 


0.81 


-21.43 


3.95 


NGC 7619 


GON 


E 


0.336 


2.528 


0.92 


-21.63 


4.22 


NGC 7626 


DSP 


E 


0.336 


2.369 


0.99 


-21.64 


4.05 
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Table 4 — Continued 



Galaxy 


Ref. 


Type 


(Mg 2 ) 


log a 


log Ho 


M B 


«i 








[mag] 


[km s- 1 ] 


[kpc] 


[mag] 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


NGC 7720 


FFI 


cD 


0.339 


2.484 


1.20 


-22.33 


4.36 


NGC 7768 


FFI 


E 


0.322 


2.384 


1.11 


-21.78 


4.16 


NGC 7785 


GON 


E 


0.296 


2.464 


0.94 


-21.83 


4.15 


IC 1459 


CDB 


E 


0.321 


2.489 


0.73 


-21.42 


4.04 


IC 3370 


CDB 


E 


0.262 


2.316 


0.84 


-21.29 


3.87 


IC 4889 


CDB 


E 


0.244 


2.246 


0.60 


-20.90 


3.60 


IC 4943 


CDB 


E 


0.243 


2.223 


0.47 


-19.30 


3.48 


Abell 496 


FFI 


E 












ESQ 323-16 


CDB 


cD 













Col. (1).— Galaxy ID. 

Col. (2). — Reference. 

Col. (3). — Morphology. 

Col. (4) .—Central Mg 2 index. 

Col. (5). — Central velocity dispersion. 

Col. (6). — Effective radius in kpc 

Col. (7). — Absolute magnitude in B-band. 

Col. (8). — Mass tracer ki = (logag + logR c )/y/2. 



Table 5 
Global Scaling Relations 



X 




y 




N 


r 


Regression Line 


[Fe/HL 


AMg 2 /Alogr 


43 


-0.21 




<[Fe/H]> 


AMg 2 /Alogr 


46 


0.22 




log <T0 


AMg 2 /Alogr 


43 


0.17 




logR c 


AMg 2 /Alogr 


42 


0.26 






AMg 2 /Alogr 


42 


0.27 




M B 


AMg 2 /Alogr 


42 


0.33 




log (TO 


[Fe/H] 




43 


0.45 


y = 0.76:r - 1.73 


log (TO 


<[Fe/Hj> 




43 


0.74 


y = 1.46 x - 3.62 


log R c 


[Fe/H] 




42 


0.22 




log R c 


([Fe/Hj> 




42 


0.33 




Kl 


[Fe/H] p 




42 


0.37 


y = 0.20x - 0.71 


Kl 


<[Fe/Hj> 




42 


0.59 


y = 0.37 s - 1.62 


M B 


[Fe/H] n 




42 


0.19 




M b 


< 


Fe/H]> 




42 


0.37 




log (T 


< 


Mg/Fc 


> 


27 


0.22 




log Re 


< 


Mg/Fc 


> 


26 


0.15 






< 


Mg/Fc 


> 


26 


0.00 




M B 




Mg/Fc 


> 


26 


0.21 





Table 6 
Fundamental Planes 



x y z N Regression Line 



log (T 


logR c 


SB C 


42 


X 


- 0.64?/ + 0.27z 


= 7.70 


log (T 


M B 


SBe 


42 


X 


- 0.09?/ + 0.12z 


= 3.17 


(Mg 2 ) 


logR c 


SBe 


42 


X 


- 0.26 y + 0. 13z 


= 2.80 


(Mg 2 ) p 
<[Fe/Hj) 


M B 


SBe 


42 


X 


- 0.04 y + 0.09 z 


= 1.41 


log Re 


SB e 


42 


X 


- 1.26 y + 0.55 z 


= 10.56 


<[Fe/H]> 


M B 


SBe 


42 


X 


- 0.16 y + 0.28 z 


= 2.41 



